Hydrolysis of glucosylceramide by j-glucocerebrosidase results in ceramide, a critical component of the intercellular lamellae that mediate the epidermal permeability barrier. A subset of type 2 Gaucher patients displays ichthyosiform skin abnormalities, as do transgenic Gaucher mice homozygous for a null allele. To investigate the relationship between glucocerebrosidase deficiency and epidermal permeability barrier function, we compared the stratum corneum (SC) ultrastructure, lipid content, and barrier function of Gaucher mice to carrier and normal mice, and to hairless mice treated topically with bromoconduritol B epoxide (BrCBE), an irreversible inhibitor of glucocerebrosidase. Both Gaucher mice and BrCBE-treated mice revealed abnormal, incompletely processed, lamellar body-derived sheets throughout the SC interstices, while transgenic carrier mice displayed normal bilayers. The SC of a severely affected type 2 Gaucher's disease infant revealed similarly abnormal ultrastructure. Furthermore, the Gaucher mice demonstrated markedly elevated transepidermal water loss (4.2±0.6 vs < 0.10 g/m2 per h). The electron-dense tracer, colloidal lanthanum, percolated between the incompletely processed lamellar body-derived sheets in the SC interstices of Gaucher mice only, demonstrating altered permeability barrier function. Gaucher and BrCBE-treated mice showed < 1% and < 5% of normal epidermal glucocerebrosidase activity, respectively, and the epidermis/SC of Gaucher mice demonstrated elevated glucosylceramide (5-to 10-fold), with diminished ceramide content. Thus, the skin changes observed in Gaucher mice and infants may result from the formation of incompetent intercellular lamellar bilayers due to a decreased hydrolysis of glucosylceramide to ceramide. Glucocerebrosidase therefore appears necessary for the generation of membranes of sufficient functional competence for epidermal barrier function. (J.
Introduction
Epidermal permeability barrier function is mediated by a mixture of nonpolar lipids, enriched in ceramides (1) , which are localized to the intercellular spaces of the stratum corneum (SC)' where they form characteristic lamellar bilayers (2) (3) (4) . During the final stages of epidermal differentiation, a sequence ofmembrane transitions occurs within the SC extracellular domains (2) . Extrusion oflamellar body contents (at the stratum granulosum/SC interface) is followed sequentially by unfurling, elongation, and processing into mature lamellar bilayer unit structures (5) (6) (7) . Concurrently, marked alterations in lipid composition occur, including the elimination ofglucosylceramides and the accumulation of ceramides in the SC ( 1, 2, 8, 9) . Recent studies have shown abundant levels of f3-glucocerebrosidase in murine epidermis, with the highest levels of enzyme activity occurring in the SC ( 10) . In contrast, in the SC ofmucosal epithelia which display less stringent barrier requirements, endogenous fl-glucosidase levels are low ( 11) , glycosylceramides predominate over ceramides ( 12) , untransformed lamellar body contents are retained into the outer SC ( 12) , and mature membrane structures do not form ( 13) . Thus, hydrolysis of lipid precursors, including glucosylceramides to ceramides, could account for the maturational changes in membrane structures that establish a permeability barrier of sufficient competence for terrestrial existence.
Three recent developments allow delineation of the relationship between normal epidermal function and glucocerebrosidase activity. First, the conduritol B epoxides, covalent inhibitors ofglucocerebrosidase ( 14) , which produce an inhibitor-based animal model of Gaucher disease (GD) (15, 16) , increase epidermal glucosylceramide content and alter permeability barrier function after topical applications (17) . However, significant inhibition of enzyme activity (> 90%) was required before the barrier abnormality emerged ( 17) , consistent with the unusually high glucocerebrosidase activity present in the outer layers of normal epidermis (10) . Second, visualization of the SC intercellular domains using Ru04 after fixation (6) has provided new insights into the structural basis of the skin lesions in several inherited and acquired metabolic abnormalities associated with abnormal desquamation (18, 19) . Third, glucocerebrosidase-deficient mice (Gaucher mice) have been developed by targeted gene disruption (20, 2 1) .
GD is an autosomal recessive disorder due to a deficiency in f3-glucocerebrosidase (EC 3.2.1.45, f3-D-glucosyl-N-acylsphingosine glucohydrolase) (22) (23) (24) . Since this enzyme normally catalyzes the hydrolysis of glucosylceramides to ceramides, excess glucosylceramide accumulates in the lysosomes of reticuloendothelial cells, resulting in splenic, hepatic, bone, and central nervous system involvement (24) (25) (26) (27) To determine further the role of glucocerebrosidase in the epidermis, we compared the permeability barrier function, ultrastructure, and epidermal sphingolipid composition of Gaucher mice with heterozygous littermates, BrCBE-treated animals, and normals. We also studied the epidermal ultrastructure in an infant with GD and ichthyotic skin (29, 30 ). These studies demonstrate that the skin lesions in both Gaucher mice and humans can be attributed to extracellular membrane structural abnormalities which result from failure of processing of glucosylceramides to ceramides within the SC interstices. Furthermore, the formation of the membrane structures required for a competent epidermal permeability barrier involves glucosylceramide to ceramide processing.
Methods
Materials. 4-Methylumbelliferone (4MU), 4MU-3-D-glucopyranoside, alpha-hydroxy and nonhydroxy ceramides (IV and III, respectively), alpha-hydroxy and nonhydroxy galactocerebrosides (I and II, respectively), and sodium taurocholate were obtained from Sigma Chemical Co. (St. Louis, MO). Bromoconduritol B epoxide (BrCBE) was provided by Dr. Gunter Legler (Koln, Germany) and was prepared as described previously (33) . Bio-Rad and bicinchoninic acid (BCA) protein assay kits and BSA standards were obtained from Bio-Rad Laboratories (Richmond, CA) and Pierce Chemical Co. (Rockford, IL), respectively. High performance thin-layer chromatography (HPTLC) plates (silica gel 60) were obtained from Merck (Darmstadt, Germany). All solvents were of reagent or HPLC grade.
Animals, topical protocols, and functional studies. Gaucher mice were generated by targeted disruption ofthe murine glucocerebrosidase gene (20, 21) . A null allele was generated in embryonic stem cells through gene targeting, and these genetically modified cells were used to establish a mouse strain carrying the mutation (34, 35) . Genotyping ofthe mice was performed on mouse tail DNA by Southern blotting, as described previously (36) .
Hairless male mice (hr/hr) were purchased from Simonsen Laboratories (Gilroy, CA) and fed mouse diet (Ralston Purina Co., St. Louis, MO) and water ad lib. Animals were 8-1 2-wk old at the time of study. Permeability barrier function was assessed as transepidermal water loss (TEWL) and was measured with an electrolytic moisture analyzer (Meeco, Inc., Warrington, PA), as described in detail previously (37, 38 and BrCBE-treated mouse were assayed for 1 h at 370C in citrate-phosphate buffer (pH 5.6), using 4MU-f-D-glucopyranoside as the substrate, as described previously (39) . Assays of BrCBE-treated epidermis were performed as described previously ( 17) . Protein determinations were performed with either the BCA protein assay kit or the Bradford procedure (40), using BSA asthe standard. The specific activity was determined for each sample using a 4MU standard curve and the protein concentration.
Human skin samples. Human skin samples from a type 2 GD patient with a collodion baby phenotype previously described (30) were provided by Dr. Sherer and Dr. Metlay (University ofRochester, Rochester, NY). This and normal skin biopsies were obtained at autopsy and preserved in 10% formaldehyde before subsequent postfixation and preparation for ultrastructural analysis, as described below.
Transmission electron microscopy. Full-thickness skin biopsies were obtained from euthanized Gaucher mice and normal animals, minced to < 0.5 mm3, and fixed in modified Karnovsky's fixative overnight. Human tissue samples were fixed further in modified Karnovsky's fixative. All samples were then split and postfixed in the dark in either 0.5% RuO4 or 2% aqueous OS04, both containing 1.5% potassium ferrocyanide (6) . Lanthanum penetration, as a marker for sites of water permeability, was used to further measure the functional integrity of the intercellular membrane domains in the SC of Gaucher vs heterozygous mice, as described previously (41 ) . Fresh biopsy samples were submerged immediately (30 min, 25°C) in 4% lanthanum nitrate (Electron Microscopy Sciences, Fort Washington, PA) in 10 mM Tris-HCI buffer containing 4% sucrose, pH 7.4 to 7.6, transferred to halfstrength Karnovsky's fixative, and prepared for electron microscopy as described above. After fixation for 2 h at room temperature, all samples were dehydrated in graded ethanol solutions and embedded in an Epon-epoxy mixture (42) . Thin sections were examined, with or without further contrasting with lead citrate, in an electron microscope (lOA; Carl Zeiss, Inc., Thornwood, NY) operating at 60 kV.
Preparation ofSC sheets. Samples of whole murine skin were excised and floated dermis-side downward (to minimize contact with the proteolytic enzyme) for 1.0-1.5 h at 25°C in 0.5% trypsin solution (in calcium-and magnesium-free Dulbecco's PBS), at which point the trypsin solution was changed. After a 30-min incubation at 37°C, the tissue was gently sonicated for 10 min to remove the dermis and subjacent nucleated epidermal cells. The residual sheets were rinsed with distilled water, and the area of each sample was determined.
Lipid extraction, fractionation, and quantitation. Lipids were extracted from epidermal and SC sheets, prepared as described above, by a modification of the Bligh-Dyer method (8), dried, weighed, and stored in chloroform at -70°C until used. For separation and quantitation of individual sphingolipid species by HPTLC, we used a modification of the method of Ponec et al. (43) , as described recently (37, 38) . After the final solvent development, the dried plates were dipped in charring solution, dried again (40°C, 10 min), and charred at 180°C for 5 min as described previously ( 17) . The plates were scanned with a variable wavelength scanning densitometer (Camag, Muttenz, Switzerland), and the lipids were quantitated by comparison to known standards simultaneously run in duplicate for each fraction. Integration was performed using software (CATS II; Camag). Parallel samples were separated by TLC on silica gel 60 plates and stained for visualization of hexose moieties as previously described (0.2% orcinol in I M sulfuric acid) (44 (Fig. 2) . Moreover, heterozygous animals, which do not present with phenotypic skin abnormalities (29) , had no measurable increase in TEWL, suggesting that partial glucocerebrosi- Figure 1 . Epidermal glucocerebrosidase activity. Activity ofglucocerebrosidase was measured in epidermal homogenates from normal, heterozygous carrier, and homozygous (Gaucher) littermates (see Methods). Activity of BrCBE-treated epidermis was measured 1 h after a single topical dose (375 nmol/5 cm2), as described previously (17) . Results are presented as percentage of normal epidermal enzyme activity. Carrier epidermis contained -50% of normal activity, while Gaucher mice demonstrated no significant glucocerebrosidase activity (P < 0.001). BrCBE-treatment also resulted in > 95% inhibition of epidermal glucocerebrosidase activity (P < 0.001 ). Data represent the mean ±SEM for each group (n > 5 animals for each group). Whereas BrCBE-treated epidermis displayed an intermediate level of permeability barrier abrogation, the type 2 Gaucher mice demonstrated marked elevations in TEWL over both heterozygous carrier and normal animals (P < 0.001).
dase activity is sufficient for normal structural and functional maturation of the murine epidermal barrier. Furthermore, the permeability abnormality was confirmed by an independent method, lanthanum-penetration (see below). In support of this observation, profound inhibition of epidermal fl-glucocerebrosidase activity by topical application of BrCBE was necessary to induce a significant increase in TEWL (Fig. 2) Fig. 4 ; SC data only). In contrast, the glucosylceramide content of both the epidermis (data not shown) and the SC of Gaucher mice was 10-to 15-fold (P < 0.001) higher than normal and/or heterozygous mouse samples (Fig. 4) cessed lamellar body-derived sheets extending throughout the lower (Fig. 5 A) and mid to outer (Fig. 5 B) SC interstices. These abnormalities in the Gaucher mouse were indistinguishable from the alterations in the SC of animals treated with BrCBE ( Fig. 5 C) (Fig. 6, A and B) . These findings closely resembled those of both the Gaucher mouse and the BrCBE-treated models described above. In contrast, normal human skin demonstrates a normal lamellar bilayer unit pattern (Fig. 6 C) Lanthanum penetration. Penetration of electron-dense, colloidal lanthanum ions has been used not only to assess water permeation through paracellular pathways but also as an indicator of the integrity of lamellar bilayers for resisting water movement through the SC interstices (41, 45) . We used this technique to investigate further the potential role ofthe abnormal intercellular membranes in the pathogenesis of the skin lesions in the Gaucher mouse and in the development of abnormal barrier function. In both normal and heterozygous transgenic mice, lanthanum ion was excluded from the outer layers of the SC as well as from sites apical to the stratum granulosum/SC interface (Fig. 7 A; heterozygous transgenic mouse SC shown). In contrast, lanthanum penetrated via the interstices to all levels ofthe SC in the Gaucher mice (Fig. 7 B) , demonstrating an alteration in the integrity ofthe SC extracellular domains. Moreover, the colloidal lanthanum was interspersed between the incompletely processed, extracellular lamellar structures in the SC of the Gaucher mice ( Fig. 7 B,  inset) . These results show that the altered membrane structures in the SC interstices of type 2 Gaucher mice display abnormal functional integrity.
Discussion
We have demonstrated previously that inhibition ofepidermal ,-glucocerebrosidase activity by topical applications of BrCBE, a specific and covalent inhibitor of this enzyme ( 14) , induces an abnormality in permeability barrier function in association with a marked increase in epidermal glucosylceramide content and significant alterations in SC lamellar bilayer structure ( 17) . In this study, we have demonstrated that an absence of epidermal glucocerebrosidase activity in type 2 Gaucher mice leads to abnormal barrier function in association with accumulation of glucosylceramides and depletion of ceramides in the SC (Table I) were observed with topical BrCBE treatment, but in this model glucosylceramides accumulate while ceramide levels remain almost normal ( 17 ) . Establishment of a competent epidermal permeability barrier, therefore, requires conversion of glucosylceramides to ceramides. Epidermal lipids, in addition to their established role as mediators of the permeability barrier, also influence desquamation (46) . For example, inborn errors of lipid metabolism appear to play a role in the pathogenesis ofcutaneous lesions in recessive X-linked ichthyosis (47) , Refsum disease (48), Sjcgren-Larsson syndrome (49) , and neutral lipid storage disease (50) . The presence of ichthyosiform skin changes in both the glucocerebrosidase-deficient transgenic mice and in some type 2 Gaucher patients suggests that blockade ofglucosylceramide hydrolysis, with failure to form normal lamellar bilayer unit structures, not only compromises the integrity of the epidermal permeability barrier, as shown by the increased TEWL and the lanthanum perfusion studies, but also provokes an alteration of normal desquamation.
Two biochemical mechanisms could be responsible for the altered lamellar bilayer structures seen in both the Gaucher mouse and the type 2 Gaucher patient. It is possible that the increase in glucosylceramide could inhibit the formation of normal lamellar bilayers in the SC interstices by interference with acyl chain packing. A comparison ofthe membrane structures that result from glucosylceramide deposition within Gaucher macrophages vs those described here in Gaucher mouse SC reveals both similarities and differences. The intracellular glucosylceramide-enriched deposits in Gaucher macrophages consist of aggregates of twisted bilayers, with a bilayer width of60 A (5 1 ). In contrast, x-ray diffraction and ultrastructural studies have demonstrated that the normal lamellar spacing in normal murine and human SC is formed by two back-toback leaflets measuring _ 130 A (single leaflet = 65 A) (4, 52) . Whereas normal mature lamellar bilayers lack glucosylceramides ( 1, 2), the increased content ofextracellular glucosylceramides which occurs in both BrCBE-treated skin and in Gaucher mouse SC, may prevent formation of this normal repeating bilayer pattern. The altered lamellar bilayers could result from either steric constraints imposed by the additional bulk of the glucose residue and/or the increased hydrogenbonding capacities provided by the hydrophilic hexose residue (53, 54) . Thus, although increased glucose moieties could result in a loss of barrier integrity because of an alteration of lamellar bilayer structures and increased perfusion of water, a concomitant increase in the cohesiveness of corneocytes, due to increased hydrogen bonding, could lead to the abnormal SC retention, i.e., the excess scale seen in Gaucher mice and in certain type 2 Gaucher patients.
Alternatively, abnormal lamellar structures could result from the depletion of SC ceramide as a result of diminished glucosylceramide hydrolysis. We have shown in this study that the ceramide content of Gaucher mouse SC is reduced significantly. Ceramides, along with cholesterol and fatty acids, are known to be important components of the extracellular lipid mixture that mediates barrier function (1) . Thus, the lack of sufficient ceramides, even in the presence of increased glucosylceramides, could result in dysfunctional membrane structures. The exact correlation between the level ofceramide deficiency and diminished barrier function is difficult to assess as other SC lipids are also important determinants of the barrier. Recent studies have shown the importance of a correct molar Skin Alterations Associated with Glucocerebrosidase Deficiency 1761 Figure 5 . Ultrastructure of SC of murine animal models. Immature (unprocessed) lamellar body-derived sheets were present in the lower SC interstices (A, arrows) and extended throughout the mid to outer SC interstices of homozygous Gaucher mice (B, arrows). Topical BrCBE treatment results in similar alterations in the SC lamellar bilayer system (C, arrows). In contrast, unaffected heterozygous carrier littermates showed normal, mature basic lamellar unit structures throughout the SC (D, open arrows) . A, x64,000; B, x75,000; C, X 120,000; D, x76,000. (56) . Thus, the persistence of glucosylceramides, rather than diminished ceramides, is more likely to be the principle cause of the membrane structural abnormalities leading both to the skin lesions in type 2 Gaucher disease and the permeability barrier defects in the Gaucher mouse.
The lipid composition ofGaucher mouse SC suggests that a majority of ceramides (70%) are derived from the deglycosylation of glucosylceramide (Fig. 4) . However, whether the remaining ceramides ( -30%) are delivered to the SC as free ceramide or involve an alternate metabolic precursor of ceramide, such as sphingomyelin, is not known. Furthermore, the complete lack of glucosylceramidase activity in the Gaucher mice resulted in less SC ceramide than was present in the BrCBE model (Table I) ( 17 ) . The relatively normal ceramide levels, in the presence of increased glucosylceramide, could be a reflection of incomplete enzyme inhibition in the inhibitorbased model. Alternatively, these data also suggest that a compensatory normalization of SC ceramides may occur in the 1762 Holleran et al. 
